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Introduction
============

A recent systematic review and additional meta-analyses have provided robust evidence of associations between better performance in objective tests of physical capability, including stronger grip and faster walking speed, and lower rates of all cause mortality in older populations living in the community.[@ref1] [@ref2] Informed by such evidence, these easily administrable tests have been included in recent studies of candidate biomarkers of ageing and have been found to perform well, as assessed by a range of criteria, when compared with more traditional biomarkers including inflammatory markers, blood pressure, and telomere length.[@ref3] [@ref4]

Various explanations of the associations between physical capability and mortality have been proposed. Levels of physical capability could reflect both clinically manifest and undetected disease and ageing processes. They could also provide a useful indication of lifetime exposure to risk factors for premature mortality and associated factors (such as physical inactivity, smoking, and low levels of cardiorespiratory fitness).[@ref1] [@ref2] As levels of physical capability in later life are determined not only by the rate of decline generally observed from mid-life onwards but also by the peak achieved during growth and development, associations could also be partially explained by initial developmental differences between individuals that influence both physical capability and rates of survival.[@ref1]

The recent systematic review[@ref1] highlighted several gaps in the existing literature and by examining some of these it might be possible to elucidate further the explanations for the associations between physical capability and mortality. The first important gap identified was a lack of studies that had examined these associations at younger ages; studies of the associations of walking speed, time to rise from a chair and standing balance performance with mortality had been conducted exclusively in populations aged over 60 at the time of assessment of capability, most populations were aged ≥70 and had follow-up of less than 10 years. Although the review included only study populations of people who were living in the community, the possibility that associations could be explained by the high level of disease burden (that is, both clinical and subclinical pathology) that impacts on physical capability and survival rates at older ages could not be ruled out, even when adjustments for health status had been made. Studies of associations between physical capability and mortality in younger populations who have higher mean levels of physical capability[@ref5] and less disease burden are essential to elucidate whether associations exist even before the establishment of strong pathways between disease pathology, physical capability, and mortality in later life.

Secondly, there was a lack of studies able to make fair comparisons of the associations between different measures of physical capability and mortality.[@ref6] As different objective measures of physical capability depend to some extent on the same underlying physiological systems, it is important to assess the value of conducting more than one different test of physical capability and also of deriving a composite score,[@ref7] especially as time for assessment is often limited in research and applied settings.

Thirdly, it is often not clear how those people unable to perform the tests have been handled in analyses. Even these relatively simple tests have exclusion criteria, and so an important challenge is how to deal with the increasing proportion of people who are unable to perform these tests with increasing age. Studies that use composite scores of physical capability, such as the short physical performance battery, often include those people who are unable to perform the tests by allocating them the lowest possible score (when a lower score indicates worse performance)[@ref8] but in analyses of performance in individual tests, participants without a valid result are often excluded. This is despite the fact that if data are missing because participants were unable to complete the test for health reasons this might be informative.

To deal with these research gaps, we used data from the MRC National Survey of Health and Development, the oldest British birth cohort study. We used comparable models to examine the associations between three objective measures of physical capability (grip strength, chair rise speed, and standing balance time) assessed at age 53, and a composite score of these measures, and all cause mortality rates over 13 years of follow-up; assessed the added value of each of the measures of physical capability; and examined whether being unable to perform each of these tests was associated with mortality. We also tested whether the main associations were independent of important covariates.

We hypothesised that there would be associations between lower levels of physical capability and higher rates of all cause mortality but that these associations might be non-linear, with stronger associations found among those with lower performance levels. We also hypothesised that all three measures would provide added value as we expected that the correlations between the three different measures of physical capability would be lower at age 53 than in older study populations because of the presence at older ages of more shared risk factors for poor performance.

Methods
=======

The Medical Research Council National Survey of Health and Development (NSHD) is a socially stratified sample of 5362 singleton births (2547 males and 2815 females) that took place in one week of March 1946 in England, Scotland and Wales, with regular follow-up across life.[@ref9] In 1999, when study participants were aged 53, 3035 participants (62% of those alive) were successfully contacted, of whom 2984 (98%) received a home visit from a trained nurse. Of the 2327 participants not contacted in 1999, 469 had previously died, 948 had refused to participate, 580 were living abroad, and 330 could not be traced.

Physical capability at age 53
-----------------------------

Physical capability was assessed during home visits at age 53 with three objective measures: grip strength, chair rise time, and standing balance time. Trained nurses conducted these tests using standardised protocols as described elsewhere[@ref10] and summarised here. These three tests were chosen for assessment at age 53 because they are some of the most commonly used measures of physical capability in epidemiological studies[@ref11] and were expected to detect meaningful variation in capability between individuals in mid-life across the full spectrum of ability.

Grip strength was measured isometrically with an electronic handgrip dynamometer. The dynamometers were calibrated at the start of testing by using a back-loading rig and are accurate, linear, and stable to within 0.5 kg.[@ref12] The retest variability within individual participants for maximal voluntary tests of strength in those unused to such measurements is about 9%.[@ref13] Two values were recorded for each hand and the highest used in analyses. Chair rise time was measured with a stopwatch as the time taken to rise from a sitting to a standing position with straight back and legs and then to sit down again 10 complete times as fast as possible. For high scores to indicate good performance, we calculated chair rise speed by dividing the number of rises (that is, 10) by the time taken to complete 10 rises (in minutes). Standing balance time was measured, using a stopwatch, as the longest time, up to a maximum of 30 seconds, participants could maintain a one-legged stance in a standard position with their eyes closed. For each of the three tests nurses recorded if a study participant was unable or unwilling to perform the test and the reason for this (such as health reasons or technical problems). There is evidence to suggest that all three measures are valid and reliable.[@ref14] [@ref15] [@ref16] [@ref17] [@ref18] [@ref19]

We created a composite score of physical capability using the method devised by Guralnik and colleagues.[@ref20] This involved rescaling each of the three test scores on a scale of 0 (low performance) to 1 (high performance) so that all three measures have equal weight in the final score (see appendix for further details of the rescaling procedure); assigning those participants unable to perform each test for health reasons a value of 0; and summing the three rescaled capability scores to create a normally distributed aggregate physical capability score with a range of 0 to 3. We also derived a variable indicating the number of tests participants were unable to perform for health reasons (range 0 to 3).

Ascertainment of death
----------------------

All consenting study participants have been linked to the National Health Service (NHS) central register since 1972. For the purposes of these analyses, we included deaths from any cause notified by the register from March 1999 to March 2012.

Covariates
----------

A priori we identified potential confounders---that is, factors that have previously been shown to be associated with both physical capability and mortality.[@ref10] [@ref21] [@ref22] [@ref23] [@ref24] [@ref25] [@ref26] [@ref27]

*Body size*---Height (cm) and weight (kg) were measured by nurses during the home visit when participants were aged 53, and BMI (kg/m^2^) was calculated with these measures. For those people with valid performance data but missing height (n=10), height was imputed with measures from age 43.

*Socioeconomic position*---Own occupational class at age 53 (or if not available, the most recent measure in adulthood (n=74)) was categorised with the registrar general's social classification into three groups: high (I or II), middle (IIINM or IIIM), or low (IV or V). Educational level attained was recorded at age 26 and categorised into five groups: degree or higher; A levels, usually attained at age 18, or their equivalents; O levels, usually attained at age 16, or their equivalents; CSE, clerical course, or equivalent; none.

*Lifestyle factors*---At age 53 study participants were asked to report whether or not they had participated in any sports, vigorous leisure activities, or exercises in their spare time, not including getting to and from work, in the past four weeks and, if so, on how many occasions they had done these activities. A variable was created that distinguished between those participants who were inactive (reported no participation), moderately active (participated in relevant activities one to four times in the previous four weeks), or most active (participated in relevant activities five or more times in the previous four weeks). The validity of this measure has previously been considered.[@ref23] Smoking status at 53 was categorised as current, former, or never smoker.

*Health status*---We identified any participants who at age 53 reported a diagnosis of cancer in the previous 10 years; cardiovascular disease (defined as ever having a heart attack or stroke, aortic stenosis, or valvular disease in the past 10 years, angina or Rose angina grade I or II diagnosed by a doctor, or intermittent claudication); and diabetes at any time up to and including age 53. Respiratory symptoms at age 53 were assessed with the UK Medical Research Council's standardised questions.[@ref28] We identified a group with the most severe symptoms, who reported one or more of a wheezy or whistling chest most days or nights; usually bringing up phlegm or coughing in the morning or during the day or night in winter for at least three months each year; or more than one chest illness in the past three years that kept them off work or indoors for a week or more.

Statistical methods
-------------------

We used Cox proportional hazards regression models to test the associations of each of the three individual measures of physical capability, the composite physical capability score, and the number of tests participants were unable to perform at age 53 with subsequent hazards of all cause mortality. Follow-up time was from March 1999 until confirmed death from any cause, emigration, or the end of March 2012, whichever occurred first. In all initial models the proportional hazards assumption was checked by visual inspection of plots and tests of the Schoenfeld residuals; we found no evidence that the assumption had been violated.

Each of the three individual capability measures and the composite score were included in models as sex specific fifths. For the three individual capability measures, those participants unable to perform a specific test for health reasons were included as a sixth category. This categorisation was used to facilitate the inclusion in analyses of those participants unable to perform the tests for health reasons and to allow for potential deviations from linearity. The upper fifth group was used as reference category in all analyses. To further aid comparisons of associations, we performed all the main analyses on the sample with complete data on all three physical capability measures (that is, those who had a valid score or were coded as unable for health reasons for all three tests) who were also flagged for subsequent mortality follow-up (n=2766).

Initial models were adjusted for sex only, with sex interactions formally tested. Subsequent models were additionally adjusted for body size, socioeconomic position, lifestyle factors, and health status in stages with a final model adjusted for all covariates. To maintain statistical power and minimise the level of potential bias introduced because of missing information, we imputed missing values of the covariates in the sample of 2766 with complete data on physical capability and mortality (BMI (n=29), height (n=5), occupational class (n=24), educational level (n=152), leisure time physical activity (n=2), cancer (n=4), and severe respiratory symptoms (n=3)) using the multiple imputation chained equations implemented in Stata version 12, with inclusion in the imputation model of the event indicator (death) and the Nelson-Aalen estimator of cumulative (baseline) hazard, *H(T)*.[@ref29] [@ref30] All survival analyses described above were hence run across 20 multiply imputed datasets and estimates combined with Rubin's rules.

To assess the added value of each of the different measures we first investigated the benefit of including multiple measures of physical capability in the same model by running a sex adjusted model with all three measures included. We then used likelihood ratio tests to compare this model with sex adjusted models, including each possible combination of two of the measures. These comparisons assessed the improvement in model fit of including the third measure. To assess the predictive ability of each measure of physical capability and the benefit of including multiple measures in the same model we calculated Harrell's C index (which estimates the probability of concordance between observed and predicted responses)[@ref31] for models including each of the three measures separately; the composite score; and all three measures. For the purposes of these calculations, we divided the main analytical sample randomly into derivation and validation sets of equal size, with stratification by sex to ensure the same ratio of men and women in both sets. Sex adjusted models were run in the derivation set and C indices and 95% confidence intervals were then estimated in the validation set.[@ref32]

All analyses were conducted with Stata 12.0 (StataCorp, TX).

Sensitivity analyses
--------------------

We ran sensitivity analyses in which we excluded all deaths occurring during the first two years of follow-up (n=12); excluded those participants who had reported any of the specified health status indicators at baseline (n=722); included only those people with complete data on all covariates (that is, excluding those people with imputed data on covariates); and ran the basic sex adjusted models on the maximum available samples for each physical capability test.

Results
=======

In the main analysis sample (n=2766), 177 deaths (88 from cancer, 47 from cardiovascular disease, and 42 from other causes) occurred between ages 53 and 66 (median and maximum follow-up time 13 years; 5.1 deaths per 1000 person years, 95% confidence interval 4.4 to 5.9). Those participants with lower composite physical capability scores at age 53 had lower socioeconomic position, less healthy lifestyles, and higher prevalence of self reported cardiovascular disease, diabetes, and severe respiratory symptoms compared with those with higher scores (tables 1 and 2[](#tbl1){ref-type="table"} [](#tbl2){ref-type="table"}).

###### 

 Characteristics of men at age 53 (271 in each fifth; maximum n=1355) in MRC National Survey of Health and Development stratified by fifths of composite physical capability score (sample restricted to those with data on all three physical capability measures, after inclusion of those unable to perform each test for health reasons). Figures are means (SD) unless stated otherwise

                                            No\*   Total         Fifth of composite physical capability score                                             
  ----------------------------------------- ------ ------------- ---------------------------------------------- ------------- ------------- ------------- -------------
  Grip strength (kg)                        1327   47.8 (12.2)   35.7 (12.1)                                    44.1 (9.28)   49.8 (8.8)    53.9 (9.0)    54.5 (10.9)
  Chair rise speed (stands/min)             1291   32.2 (10.4)   22.6 (5.8)                                     27.5 (6.2)    32.4 (7.7)    36.8 (10.5)   39.3 (10.9)
  Standing balance time (s)†                1315   5 (3-10)      3 (2-5)                                        4 (3-5)       4 (3-6)       7 (4-10)      19 (12-28)
  Height (cm)                               1351   174.7 (6.6)   173.9 (7.1)                                    175.1 (6.7)   175.2 (6.6)   174.9 (6.1)   174.2 (6.4)
  BMI (kg/m^2^)                             1344   27.4 (4.0)    27.3 (4.5)                                     27.8 (4.0)    27.8 (4.0)    27.4 (4.2)    26.8 (3.5)
  Cancer‡                                   1353   1.6           2.6                                            1.9           0.7           1.9           0.7
  Cardiovascular disease‡                   1355   6.3           11.8                                           7.0           4.1           4.8           3.7
  Diabetes‡                                 1355   3.1           5.5                                            2.2           2.2           3.3           2.2
  Severe respiratory symptoms‡              1353   18.9          22.2                                           24.0          15.1          17.0          16.2
  Occupational class (low-IV or V)¶         1343   11.0          17.2                                           11.1          13.7          7.4           5.5
  Educational level attained (none)¶        1283   35.9          45.7                                           39.8          36.7          31.6          25.4
  Smoking status (current smoker)¶          1355   23.2          27.7                                           26.2          22.9          22.9          16.2
  Leisure time activity level (inactive)¶   1353   47.4          71.5                                           46.3          49.5          38.4          31.4

\*Number varies because of inability of some participants to complete each physical capability test for health reasons (28 (2.1%) for grip strength; 64 (4.7%) for chair rise speed; 40 (3.0%) for standing balance) and missing data on covariates.

†Median (interquartile range).

‡Health status indicators coded as binary variables and figures shown are proportions (%) of men in each category who reported specified condition (see definitions in methods).

¶For brevity, proportion (%) of men in the "highest risk" category of each categorical covariate are presented. Categorisations were: occupational class (high (I or II), middle (IIINM or IIIM), low (IV or V); educational level attained (degree or higher; A levels, usually attained at age 18, or their equivalents; O levels, usually attained at age 16, or their equivalents; CSE, clerical course or equivalent; none); smoking status (current, former, never smoker); leisure time activity level (inactive (no reported activity); moderate (1-4 times a week); high (≥5 times a week)).

###### 

 Characteristics of women at age 53 (maximum n=1411) in MRC National Survey of Health and Development stratified by fifths of composite physical capability score (sample restricted to those with data on all three physical capability measures, after inclusion of those unable to perform each test for health reasons). Figures are means (SD) unless stated otherwise

                                            No \*   Total         Fifth of composite physical capability score                                             
  ----------------------------------------- ------- ------------- ---------------------------------------------- ------------- ------------- ------------- -------------
  Grip strength (kg)                        1376    27.9 (7.9)    20.6 (6.6)                                     24.5 (5.3)    27.8 (5.1)    31.7 (6.4)    33.9 (7.9)
  Chair rise speed (stands/min)             1339    30.3 (9.3)    21.6 (5.9)                                     26.6 (5.8)    30.4 (7.1)    33.8 (8.4)    36.8 (10.1)
  Standing balance time (s)†                1352    4 (3-7)       3 (2-4)                                        3 (2-5)       4 (3-6)       5 (3-7)       10 (6-18)
  Height (cm)                               1410    161.6 (5.9)   160.7 (6.1)                                    161.6 (6.1)   161.1 (5.9)   162.5 (6.0)   162.2 (5.5)
  BMI (kg/m^2^)                             1393    27.5 (5.5)    29.6 (6.7)                                     27.8 (5.3)    27.9 (5.3)    26.5 (4.9)    25.6 (3.9)
  Cancer‡                                   1409    4.3           4.3                                            4.3           2.5           6.0           4.7
  Cardiovascular disease‡                   1411    4.8           12.8                                           5.7           1.1           2.5           2.2
  Diabetes‡                                 1411    2.6           6.4                                            1.4           2.5           1.8           1.1
  Severe respiratory symptoms‡              1410    17.9          25.6                                           17.7          18.7          14.8          12.9
  Occupational class (low-IV or V)¶         1399    21.2          30.6                                           21.6          20.1          17.1          16.9
  Educational level attained (none)¶        1331    36.5          48.0                                           41.2          38.5          28.6          26.0
  Smoking status (current smoker)¶          1411    22.0          25.2                                           21.6          23.7          22.9          16.9
  Leisure time activity level (inactive)¶   1411    50.1          67.0                                           57.6          50.2          38.7          36.9

\*Number varies because of inability of some participants to complete each physical capability test for health reasons (35 (2.5%) for grip strength, 72 (5.1%) for chair rise speed, 59 (4.2%) for standing balance) and missing data on covariates.

†Median (interquartile range).

‡Health status indicators coded as binary variables and figures shown are proportions (%) of women in each category who reported specified condition (see definitions in methods).

¶For brevity, proportion (%) of women in "highest risk" category of each categorical covariate are presented. Categorisations were: occupational class (high (I or II), middle (IIINM or IIIM), low (IV or V); educational level attained (degree or higher; A levels, usually attained at age 18, or their equivalents; O levels, usually attained at age 16, or their equivalents; CSE, clerical course or equivalent; none); smoking status (current, former, never smoker); leisure time activity level (inactive (no reported activity); moderate (1-4 times a week); high (≥5 times a week)).

In sex adjusted models, those participants unable to perform a test and those in the lowest performing fifth of any one of the measures of physical capability had higher mortality rates than those people in the highest fifth (table 3[](#tbl3){ref-type="table"} and figure[](#fig1){ref-type="fig"}). There was also some evidence of slightly higher rates in other fifths compared with the highest fifth, but there were no clear and consistent patterns of graded association, except for the composite score. Tests of sex interaction suggested some evidence of a stronger association between standing balance time and mortality in men than in women (likelihood ratio test of sex interaction P=0.02), but in both sexes associations were in the same direction and so to maximise power we included men and women together in subsequent models. There was no other evidence of sex interaction. Adjustment for covariates partially attenuated associations, with individual adjustment for lifestyle factors and indicators of health status having the greatest influence (results available on request). In fully adjusted models, however, the finding of higher mortality rates among those unable to perform the tests and in the lowest performing fifth remained (table 3\[t3\]).

![Kaplan Meier survival probabilities stratified by categories of grip strength, chair rise speed, and standing balance time in MRC National Survey of Health and Development (n=2766, 177 deaths)](coor015836.f1_default){#fig1}

###### 

 Associations between performance in objective tests of physical capability at age 53\* and rates of death from all causes up to age 66 in MRC National Survey of Health and Development (n=2766, deaths=177). Results are combined from analyses run across 20 imputed datasets

                                        No in group   No of deaths   Mortality rate per 1000 person years (95% CI)   Hazards ratios for all cause mortality (95% CI) adjusted for:                           
  ------------------------------------- ------------- -------------- ----------------------------------------------- --------------------------------------------------------------- ----------------------- ----------------------
  Fifths† of grip strength:                                                                                                                                                                                  
   Unable to do test                    63            14             18.63 (11.03 to 31.46)                          5.84 (3.01 to 11.36)                                            5.56 (2.83 to 10.89)    4.80 (2.42 to 9.50)
   1 (lowest)                           540           54             8.01 (6.14 to 10.46)                            2.42 (1.49 to 3.94)                                             2.36 (1.44 to 3.88)     1.98 (1.20 to 3.27)
   2                                    543           30             4.37 (3.06 to 6.26)                             1.32 (0.76 to 2.27)                                             1.31 (0.76 to 2.27)     1.27 (0.73 to 2.21)
   3                                    540           26             3.77 (2.57 to 5.54)                             1.13 (0.65 to 1.99)                                             1.12 (0.64 to 1.97)     1.10 (0.63 to 1.95)
   4                                    539           30             4.37 (3.06 to 6.26)                             1.32 (0.76 to 2.27)                                             1.31 (0.76 to 2.26)     1.29 (0.75 to 2.22)
   5 (highest)                          541           23             3.33 (3.06 to 6.26)                             1.00                                                            1.00                    1.00
  Fifths† of chair rise speed:                                                                                                                                                                               
   Unable to do test                    136           32             20.47 (14.47 to 28.94)                          6.91 (4.02 to 11.90)                                            6.58 (3.78 to 11.44)    4.28 (2.41 to 7.60)
   1 (lowest)                           497           40             6.43 (4.72 to 8.77)                             2.13 (1.27 to 3.59)                                             2.12 (1.26 to 3.57)     1.61 (0.94 to 2.76)
   2                                    524           29             4.36 (3.03 to 6.28)                             1.44 (0.83 to 2.51)                                             1.45 (0.83 to 2.53)     1.30 (0.74 to 2.28)
   3                                    470           25             4.17 (2.82 to 6.18)                             1.36 (0.77 to 2.41)                                             1.36 (0.77 to 2.42)     1.21 (0.68 to 2.16)
   4                                    575           29             3.94 (2.74 to 5.67)                             1.30 (0.75 to 2.26)                                             1.30 (0.74 to 2.26)     1.25 (0.72 to 2.19)
   5 (highest)                          564           22             3.04 (2.00 to 4.62)                             1.00                                                            1.00                    1.00
  Fifths† of standing balance time:                                                                                                                                                                          
   Unable to do test                    99            33             30.28 (21.53 to 42.59)                          12.53 (7.16 to 21.91)                                           11.98 (6.78 to 21.19)   9.61 (5.32 to 17.39)
   1 (lowest)                           499           49             7.84 (5.92 to 10.37)                            3.11 (1.84 to 5.25)                                             3.05 (1.80 to 5.16)     2.53 (1.48 to 4.33)
   2                                    445           17             2.99 (1.86 to 4.81)                             1.17 (0.61 to 2.23)                                             1.15 (0.60 to 2.20)     1.03 (0.54 to 1.98)
   3                                    632           35             4.37 (3.14 to 6.09)                             1.66 (0.96 to 2.87)                                             1.64 (0.95 to 2.85)     1.65 (0.95 to 2.88)
   4                                    532           23             3.38 (2.25 to 5.09)                             1.29 (0.71 to 2.36)                                             1.29 (0.71 to 2.35)     1.24 (0.68 to 2.27)
   5 (highest)                          559           20             2.79 (1.80 to 4.33)                             1.00                                                            1.00                    1.00
  Fifths† of composite score:                                                                                                                                                                                
   1 (lowest)                           553           71             10.51 (8.33 to 13.26)                           5.38 (3.03 to 9.54)                                             5.15 (2.89 to 9.17)     3.68 (2.03 to 6.68)
   2                                    554           34             4.84 (3.46 to 6.78)                             2.46 (1.32 to 4.58)                                             2.41 (1.29 to 4.49)     2.17 (1.16 to 4.07)
   3                                    554           31             4.39 (3.09 to 6.24)                             2.23 (1.18 to 4.18)                                             2.18 (1.16 to 4.10)     1.98 (1.05 to 3.74)
   4                                    555           27             3.80 (2.61 to 5.54)                             1.92 (1.01 to 3.67)                                             1.92 (1.00 to 3.66)     1.73 (0.90 to 3.30)
   5 (highest)                          550           14             1.98 (1.17 to 3.35)                             1.00                                                            1.00                    1.00
  No of tests unable to be performed:                                                                                                                                                                        
   3                                    21            11             49.55 (27.44 to 89.47)                          12.29 (6.64 to 22.76)                                           11.62 (6.23 to 21.66)   8.40 (4.35 to 16.23)
   2                                    55            13             20.77 (12.06 to 35.76)                          5.56 (3.14 to 9.84)                                             5.14 (2.86 to 9.26)     3.95 (2.17 to 7.18)
   1                                    125           20             13.45 (8.68 to 20.85)                           3.41 (2.13 to 5.46)                                             3.35 (2.09 to 5.37)     2.81 (1.74 to 4.51)
   0                                    2565          133            4.07 (3.43 to 4.82)                             1.00                                                            1.00                    1.00

\*Sex, body size (height and BMI), socioeconomic position (occupational class and educational level attained), lifestyle factors (smoking status and leisure activity levels), and health status (cancer, cardiovascular disease, diabetes, severe respiratory symptoms).

†For range of values in each sex specific fifth see table D in appendix.

In sex adjusted models, people who could not perform any of the tests had over 12 times the mortality rate compared with the people who were able to perform all three tests (hazard ratio 12.29, 95% confidence interval 6.64 to 22.76). There was a clear graded pattern of association between the number of tests a person was unable to perform and rates of death; and these associations were only partly attenuated by covariates (table 3[](#tbl3){ref-type="table"}).

When we included all three measures of physical capability in the same sex adjusted model we still found independent associations between each of the three measures and mortality rates; mutually adjusted hazard ratios for the lowest fifth of performers and those unable to perform compared with the highest fifth were 1.99 (95% confidence interval 1.23 to 3.22), 2.09 (1.27 to 3.41), and 3.40 (2.05 to 5.63) for grip strength, chair rise speed, and standing balance time, respectively. Results from likelihood ratio tests confirmed that inclusion of all three measures improved model fit (see table A in appendix). Inclusion of any one of the measures increased the predictive ability of the model, when compared with a model including only sex, as indicated by an increase in the C index (table 4[](#tbl4){ref-type="table"}). A model including all three measures produced the highest (C index (0.71), though a model including only standing balance produced a similar estimate (C index=0.70).

###### 

 Estimates of Harrell's C index from models of associations between different combinations of physical capability measures at age 53 and time to death over 13 years of follow-up in MRC National Survey of Health and Development

  Variables included in model        C index (95% CI)
  ---------------------------------- ---------------------
  Sex                                0.54 (0.48 to 0.59)
  Grip strength (GS) + sex           0.63 (0.56 to 0.69)
  Chair rise speed (CS) + sex        0.66 (0.60 to 0.72)
  Standing balance time (SB) + sex   0.70 (0.64 to 0.76)
  GS + CS + SB + sex                 0.71 (0.65 to 0.77)
  Composite score + sex              0.69 (0.63 to 0.74)

Each individual physical capability measure and composite score was included as categorical variables; categorisations as shown in table 3.

Sensitivity analyses
--------------------

The main findings were unchanged after we excluded all deaths occurring during the first two years of follow-up and those participants who had at least one of the specified health status indicators (that is, cardiovascular disease, cancer, diabetes, or severe respiratory symptoms) at baseline (see table B in appendix). Adjustments for covariates had similar influences on effect estimates when we ran the main analyses on the sample with complete data on all covariates compared with the influence of covariate adjustments in the main analyses run across 20 imputed datasets. Findings were also similar when we ran analyses on maximum available samples.

Discussion
==========

We have found robust evidence of associations between three commonly used objective measures of physical capability assessed in mid-life and rates of all cause mortality over 13 years of follow-up. Our findings show that two groups of people consistently experience higher rates of mortality than those in the upper fifth of performance: those who were unable to perform the test and those in the bottom fifth of performance. There was some evidence that all three measures provided added value, as assessed by model fit.

Comparison with other studies
-----------------------------

Since the publication of a previous systematic review,[@ref1] the association between walking speed and mortality has been shown in the Whitehall II study, which had a slightly younger age at baseline assessment than previous studies (mean age 61),[@ref33] and an additional study of the association between muscle strength and mortality in a younger population with follow-up over 24 years[@ref34] has also been published. To the best of our knowledge, however, this is the first study to examine the associations between chair rise speed and standing balance time in mid-life and mortality.

Among those able to perform a specific test, the clearest evidence of associations was found when we compared the lowest and highest fifths, with little clear evidence of differences between the highest and other fifths. This is consistent with recent findings of non-linear associations between strength at ages 16-19 and subsequent mortality in over a million Swedish men.[@ref34]

Explanation of findings
-----------------------

Inclusion of each one of the three measures of physical capability improved model fit, and the only clear graded pattern of association across all categories of performance that we found was in models of the composite physical capability score, suggesting that when relations with mortality are examined, there is likely to be value in assessing a range of different measures of physical capability in mid-life. This suggests that despite being dependent, at least to some extent, on the same underlying physiological systems, the three measures of physical capability in mid-life are all assessing sufficiently distinct underlying characteristics. The relatively low correlations between the three different measures at age 53 (all values of r\<0.25) and the fact that only 40 participants were in the bottom performing fifth of all three measures and only 37 were in the top performing fifth supports this. In some studies of older populations, when multiple measures of physical capability have been mutually adjusted for, not all associations with mortality have been retained,[@ref35] [@ref36] suggesting that the added value of assessing multiple measures might decline with age. Shared risk factors might become more common with increasing age, such as chronic diseases, dysregulation of homeostasis, and concurrent declines in the function of multiple physiological systems.

Our estimates of predictive ability should be interpreted with caution as the C index cannot detect small differences in discriminatory ability between two models.[@ref31] Furthermore, it has been suggested that it is inappropriate to rely solely on these estimates to evaluate the utility of potential risk predictors, which is why we also considered model fit.[@ref37] While inclusion of all three measures does improve model fit, standing balance time at age 53 was more strongly related to mortality than either of the two other measures of physical capability. This might to some extent be driven by the finding of stronger associations between inability to perform this test and mortality than other tests. At age 53 details of the specific health problems that prevented participants from being able to perform each test were not recorded. In a more recent assessment of participants (at age 60-64) in the MRC National Survey of Health and Development, however, details of health problems that limited people's ability to complete the same tests were recorded. At this later age, diseases of the musculoskeletal and cardiovascular systems and injuries were commonly reported reasons for not being able to perform all three tests. The range of reasons provided, however, was more diverse for the standing balance and chair rising tests than grip strength, with respiratory diseases limiting some participant's ability to perform the chair rising test and symptoms such as dizziness and unsteadiness affecting ability to perform the balance test.

As performance in the standing balance test relies more on neurocognitive function than either of the other two tests,[@ref38] underlying neurodevelopmental pathways could partially explain our findings. In addition, tests of the association between each measure of physical capability and cause specific mortality (results not shown) showed that standing balance performance was the only one of the three measures associated with deaths from cancer (which was responsible for 50% of deaths), whereas patterns of association between all three measures and deaths from cardiovascular disease and other causes were similar to those presented for all cause mortality. Further studies, with greater statistical power to investigate cause specific death, are required to elucidate the reason for this.

The presence of a stronger association between standing balance time and mortality probably explains why inclusion of all three measures in the same model produced a slightly higher estimate of the C index than inclusion of the composite score. By using a composite score greater restrictions are placed on the model. Each of the three measures is given equal weight and similar strengths of association are assumed; this might not be fully appropriate in this sample at this age.

One often cited explanation for finding associations between objective measures of physical capability and mortality is that they act as general markers of disease, disability, general health status, and ageing. Because of the relatively young age of participants in this study, we consider that the associations found are unlikely to have been driven entirely by disease and ageing processes that are already clinically manifest; less than 4% of study participants had two or more key comorbidities and most (about 73%) had none, which suggests a low disease burden especially compared with older populations.[@ref39] Furthermore, associations were not restricted to the groups unable to perform the tests and were retained when we adjusted for key indicators of health status and excluded those people who died within two years of follow-up and those people with poor health status at baseline. It is possible, however, that our results could be explained by the influence of subclinical disease and ageing processes on physical capability, with relatively low levels of performance, even in mid-life, providing a useful indication of these processes, despite them not yet being clinically manifest.

Objective measures of physical capability could also be associated with mortality because they reflect lifetime exposure to lifestyle factors related to risk of premature mortality such as physical inactivity, smoking, and unhealthy diet. Adjustment for smoking and leisure time physical activity at baseline did partially attenuate the main associations, providing some evidence in support of this. No further attenuation was seen when we adjusted for a variable indicating cumulative exposure to leisure time physical activity across adulthood (see table C in appendix), suggesting that it is unlikely to fully explain the main associations found.

Methodological considerations
-----------------------------

A key strength of these analyses is the inclusion of three different commonly used objective measures of physical capability, which have been assessed with standardised protocols in mid-life with follow-up of more than 10 years. There was no measure of walking speed, which is considered by some researchers to have more value than other measures of physical capability in older populations.[@ref2] [@ref40] There is no evidence in the literature, however, to suggest that the association between walking speed in mid-life and mortality would be any stronger than the associations we found with other measures. Indeed, the association might be weaker because it has been suggested that at younger ages walking speed has less discriminatory ability than the measures of physical capability examined in this study.[@ref41]

Our study population was homogeneous for age, which enabled us to examine associations free from the strong confounding effect of chronological age; in samples heterogeneous for age, age is consistently found to be one of the strongest predictors of survival and once it is included in the model, inclusion of other factors does little to improve prediction.[@ref42]

Another important strength of the analyses was the inclusion of those people unable to perform each test for health reasons. As different exclusion criteria are applied to different tests of physical capability, and a greater proportion of participants are unable to perform some tests than others, exclusion of these people not only potentially introduces bias and limits the possibility of examining physical capability across the full spectrum of ability but also makes comparisons of the different measures unfair.

Limitations of our analyses include the fact that we had insufficient statistical power to fully investigate cause specific mortality. Some other studies have examined associations between objective measures of physical capability, most often walking speed, and cause specific mortality, with deaths from cardiovascular disease most consistently related, which our findings also suggest.[@ref33] [@ref43] [@ref44] An additional limitation of our study is that despite having prospectively collected data on a wide range of potential confounding factors, we are unable to fully exclude the possibility that our results could be explained by residual confounding. This is because of a lack of available data on some potentially important factors, such as fitness; the availability of only limited measures of others (for example, physical activity was self reported and captured only leisure time activity); and our decision a priori not to include other measures, such as nutritional intake and alcohol consumption.

Another limitation is that we could examine physical capability at only one time point. Other recent studies provide evidence to suggest that greater rates of decline in physical capability over time in later life are associated with higher rates of death.[@ref45] [@ref46] [@ref47] [@ref48] Work is now needed to establish the added value of assessing change over time compared with assessment at just one time point and of using different combinations of data on baseline and change for different combinations of physical capability measures.

The MRC National Survey of Health and Development was established by using a sampling frame that ensured that it was nationally representative of the population born in England, Scotland, and Wales in 1946. Since then there have been losses to follow-up from death, emigration, loss of contact, and permanent refusal. Despite this, at age 53, when we assessed physical capability, in most respects the sample remained representative of the national population born at a similar time.[@ref9] [@ref49] As deaths were ascertained via linkage to a national register and, in these analyses, multiple imputation was used for missing data on covariates, additional losses to follow-up and sample restrictions were limited, which should have minimised bias.

Implications
------------

Our findings suggest that people with relatively poor performance in mid-life in any one of these tests of physical capability are an important group for intervention, with those people unable to perform one or more of the tests or with poor performance on multiple tests particularly important target groups. Further research is needed to identify the most effective interventions to improve levels of physical capability in mid-life and to test whether these interventions have a positive impact on survival rates. So far, such studies, including one currently underway in the United States, which is examining the impact of a physical activity intervention, have focused on high risk older people.[@ref50]

As inability to perform any one of the tests for health reasons is associated with higher rates of mortality, the exclusion of these groups from analyses is likely to introduce bias. Not all studies that have assessed physical capability have captured data on reasons for missing values.[@ref5] Our findings highlight the importance of ensuring that the reason for non-completion is captured in sufficient detail so that those people unable to do the tests for health reasons can be identified and handled appropriately in analyses.

Our finding of increased rates of death in the bottom fifth of performance suggests that there might be threshold effects on which to base clinically meaningful cut points. While these measures are not currently in widespread use in primary care, researchers and health professionals have shown growing interest in the possibility of using simple objective measures of physical capability in applied settings, especially in the assessment of older people.[@ref19] [@ref51] Caution is required as strong associations at the population level do not necessarily equate with reliable clinical prediction within individuals.[@ref52] [@ref53] Furthermore, at present absolute cut points identified might vary across studies and those in one study might not be applicable to another as a result of differences in study population characteristics and assessment protocol,[@ref5] [@ref19] with standing balance considered to be the most problematic of the measures as it is assessed in a wide range of different ways in different studies.[@ref1] [@ref11] [@ref54] Therefore, to identify absolute cut points that are meaningful and can be applied widely in clinical and non-clinical settings, further work is required to first establish reference data for national populations across the full adult age range with standardised protocols for assessment, which recent initiatives have been developing.[@ref55]

Conclusions
-----------

Our study shows robust associations of standing balance time, chair rise speed, and grip strength at age 53 with all cause mortality rates over 13 years of follow-up. This suggests that there is value in using these simple and inexpensive tests to assess physical capability in mid-life in research and possibly also in applied settings to identify those people (that is, those with relatively low performance and those unable to perform the tests) who are less likely than others to achieve a long and healthy life.

### What is already known on this topic

1.  Better performance in objective tests of physical capability, including stronger grip and faster walking speed, has consistently been shown to be associated with lower all cause mortality rates in older people living in the community

2.  Though these observed associations might be explained by the pathways between disease pathology, physical capability, and mortality that are operating in later life, it is unclear whether associations are also consistently found in younger populations before these specific pathways are manifest

3.  A systematic review found that there are few existing studies that have assessed the value of conducting more than one different test of physical capability

### What this study adds

1.  There are robust associations between standing balance time, chair rise speed, and grip strength at age 53 and all cause mortality rates over 13 years of follow-up

2.  Relatively low levels of performance in tests of physical capability in mid-life could provide a useful indication of the presence of underlying disease and ageing processes that are likely to be detrimental for future health but are not yet necessarily clinically manifest

3.  Objective assessment of physical capability in mid-life is of value
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